sential for IRF-3 phosphorylation. Constitutive expression of both kinases was markedly enhanced in CHC B cells. However, reduced expression of heat shock protein of 90 kDa, a TBK1 stabilizer, and enhanced expression of SIKE, an IKK suppressor, were observed in CHC B cells, which might suppress the kinase activity of TBK1/IKK for IRF-3 phosphorylation. In addition, the expression of vesicle-associated membrane protein-associated protein-C, a putative inhibitor of HCV replication, was negligible in B cells. These results strongly suggest that HCV utilizes B cells as a reservoir for persistent infection.
. A pathogenic role for HCV in B cell disorders has been further demonstrated by reports showing clinical resolution of the above-mentioned B cell disorders after successful anti-HCV treatment with interferons (IFNs) [3, 7] . Based on this circumstantial evidence, a possible role for B cells in HCV pathogenesis has been postulated, although this has not been conclusively demonstrated.
A body of evidence suggests that HCV RNA replication occurs in a variety of extrahepatic cells, including peripheral dendritic cells, monocytes and macrophages [8] [9] [10] . It has also been suggested that HCV preferentially infects B cells that express CD81, a putative HCV receptor molecule [11] [12] [13] [14] . A recent study by our group verified that peripheral CD19+ B cells in chronic hepatitis C (CHC) patients were infected with HCV, which suggested a new viral reservoir during the course of natural HCV infection in humans [15] . Thus, we assume that HCV has an escape strategy for persistent infection of B cells.
Foy et al. [16] found that nonstructural (NS) HCV proteins could inhibit the activation of early signaling pathways, such as Toll-like receptor 3 (TLR3)-and retinoic acid-inducible gene-I (RIG-I)-mediated pathways, which lead to IFN ␤ production. These results indicated that HCV NS3/4A serine protease blocked IFN regulatory factor-3 (IRF-3) activation upon HCV infection in the human hepatoma cell line HuH-7. Subsequent studies have shown that NS3/4A blocks IFN promoter-stimulator-1 (IPS-1)-mediated signaling pathways by cleaving the IPS-1 molecule and impeding downstream IRF-3 activation [17] . Thus, HCV apparently has a strategy to evade host innate immunity. However, recent studies by Dansako et al. [18, 19] found that the effects of HCV NS3/4A protease on IFN production depended on the cell lines used, because a non-neoplastic human hepatocyte cell line, PH5CH8 [20] , retained both TLR3-and RIG-I-mediated pathways, in contrast to HuH-7 cells, which lack the former pathway [21] . However, no studies have examined the effects of HCV infection on IFN responses of nonhepatic cell lines.
In this study, we aimed to understand the mechanisms by which HCV evades innate immune responses in CHC B cells. We found that the antiviral immune response, represented by IFN ␤ induction, was severely impaired in B cells of CHC patients. Our results strongly suggest that the IRF-3 activation cascade is impeded in B cells upon HCV infection. Thus, IFN ␤ gene transcription is not augmented, which may result in failed IFN ␤ -inducible antiviral responses in CHC B cells. Furthermore, the expression of vesicle-associated membrane protein-associated protein-C (VAP-C), a putative inhibitor of HCV replication, was negligible in B cells. These results support the notion that HCV can successfully reside in B cells, resulting in persistent infection. This is the first study describing analysis of the suppressive effects of HCV infection on antiviral innate immunity in peripheral B cells. Thus, this study offers new insights into the role of B cells in the pathogenesis of HCV.
Methods

Patients and Samples
A total of 24 CHC patients were enrolled in this study, with the following characteristics: 14 males and 10 females; mean age 62.4 8 7.4 years; mean serum ALT levels 67.5 8 36.0 IU/l; mean serum AST levels 66.7 8 34.3 IU/l; 21 patients with HCV genotype 1b and 3 with HCV genotype 2a, and mean HCV RNA 1,752 8 1,188 KIU/ml. All cases were confirmed to be negative for other viral infections, including hepatitis B virus and human immunodeficiency virus. The study protocols were approved by the Review Board of the National Institute of Infectious Diseases. All donors gave written informed consent. Controls were healthy blood donors at the Tokyo Red Cross Blood Center (Tokyo, Japan) who were confirmed to be negative for HCV, hepatitis B virus and human immunodeficiency virus.
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Pharmacia Biotech, Quebec, Que., Canada) density gradient centrifugation. CD19+ B lymphocytes were isolated from PBMCs by negative selection (B Cell Isolation Kit II, human; Miltenyi, Auburn, Calif., USA). The purity of isolated B cells was generally 1 95%, as assessed by flow cytometry.
Semiquantitative Real-Time PCR Total RNA was extracted from lymphoid cells using Isogen (Nippon Gene Co. Ltd., Tokyo, Japan). cDNA was synthesized using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, Calif., USA) with oligo(dT)12-18 primer (Invitrogen). PCR amplification was performed using SYBR Premix Ex Taq TM II (Takara Shuzo, Kyoto, Japan) with gene-specific primers (Bex Co. Ltd., Tokyo, Japan) available in the public database RTPrimerDB [22] 25, 04686993001) and DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked (DDX3X; No. 69, 04688686001). The primer sequences for RIG-I were 5 -GTG CAA AGC CTT GGC ATG T-3 (forward) and 5 -TGG CTT GGG ATG TGG TCT ACT C-3 (reverse) [23] , and for TLR3 they were 5 -GTT ACG AAG AGG CTG GAA TGG T-3 (forward) and 5 -GCC AGG AAT GGA GAG GTC TAG A-3 (reverse) [24] .
Real-time PCR was carried out for 45 cycles at 94 ° C for 1 min and at 60 ° C for 25 s (two-step PCR) using a Light Cycler (Roche Diagnostics, Basel, Switzerland). Amplification of predicted fragments was confirmed by melt curve analysis and gel electropho-resis. Standard curves were established with 10-fold serial dilutions of amplified products. Measured amounts of each mRNA were normalized to GAPDH mRNA. mRNA expression levels in normal B cells were arbitrarily defined as 1.0.
Immunoblot Analysis
To extract whole-cell proteins, cell pellets were suspended in modified RIPA buffer [150 m M NaCl, 50 m M Tris-Cl (pH 7.4), 1 m M EDTA, 1.0% NP-40, 0.5% sodium deoxycholic acid and 0.1% SDS] containing Halt protease inhibitor cocktail (Pierce, Rockford, Ill., USA) and Halt phosphatase inhibitor cocktail (Pierce; 2 ! 10 7 cells/ml). After 20 min of incubation on ice, cell extracts were centrifuged at 12,000 g for 10 min at 4 ° C, transferred to other tubes and stored at -80 ° C. Nuclear and cytoplasmic proteins were separated using a Nuclear Extraction Kit (Active Motif, Carlsbad, Calif., USA) according to the manufacturer's protocol. Protein concentration was determined using the BCA TM Protein Assay Kit -Reducing Agent Compatible (Pierce). Samples (wholecell extract, 1 g; fractionated extract, 2 ! 10 5 cells) were loaded onto 7.5 or 12.5% SDS acrylamide gels (Real Gel Plate; Bio Craft, Tokyo, Japan), followed by transfer to polyvinylidene difluoride membranes. Membranes were blocked for 1 h at room temperature using Block Ace TM (Dainippon Sumitomo Pharma Co. Ltd., Osaka, Japan). They were then sequentially probed with primary and secondary antibodies at 4 ° C overnight and for 1 h at room temperature, respectively.
For primary antibodies, we used anti-IFN rabbit polyclonal antibody (ab9662, 1/1,000 dilution; Abcam Inc., Cambridge, Mass., USA), anti-ACTB ( ␤ -actin) rabbit polyclonal antibody (4967, 1/1,000 dilution; Cell Signaling Technology, Danvers, Mass., USA), anti-TLR3 rabbit polyclonal antibody (ab62566, 1/1,000 dilution; Abcam), anti-TRIF rabbit polyclonal antibody (4596, 1/1,000 dilution; Cell Signaling Technology), anti-RIG-I rabbit polyclonal antibody (29010, 1/100 dilution; Immuno-Biological Laboratories Co. Ltd., Gunma, Japan), anti-IPS-1 rabbit polyclonal antibody (AT107, 1/2,000 dilution; Alexis Biochemicals, Farmingdale, N.Y., USA), anti-IRF-3 rabbit polyclonal antibody (18781, 1/100 dilution; Immuno-Biological Laboratories), anti-GAPDH mouse monoclonal antibody [5G4(6C5), 1/9,000 dilution; HyTest Ltd., Turku, Finland], anti-PARP-1 mouse monoclonal antibody (AM30, 1/500 dilution; Calbiochem, San Diego, Calif., USA), anti-TANK-binding kinase-1 (TBK1) rabbit polyclonal antibody (3504, 1/1,000 dilution; Cell Signaling Technology) and anti-IKK rabbit polyclonal antibody (ab7891, 1/500 dilution; Abcam). Anti-VAP-C rabbit polyclonal antibody (2.66 g/ml) was produced by a group of the authors (H.K., K. Moriishi and Y.M.).
The secondary antibodies used were horseradish peroxidasecoupled donkey anti-rabbit Ig (NA934, 1/10,000 dilution; GE Healthcare Ltd.; UK, Buckinghamshire, UK) and horseradish peroxidase-coupled sheep anti-mouse Ig (NA931, 1/10,000 dilution; GE Healthcare UK). Protein bands were detected using ECL Plus TM Western Blotting Detection Reagents (GE Healthcare UK) and a LAS-3000 Image Analyzer (Fuji Film, Tokyo, Japan). Densitometric analysis was performed within a linear range using Image Gauge (Fuji Film). The density of each band (the amount of protein) was normalized against that of the corresponding ␤ -actin.
Native PAGE for IRF-3 Dimer Detection
Native PAGE was performed using 7.5% SDS acrylamide gels (Real Gel Plate; Bio Craft). Gels were prerun with 25 m M Tris-Cl (pH 8.4) and 192 m M glycine with and without 0.2% deoxycholate in the cathode and anode chambers, respectively, for 30 min at 40 mA. Samples were extracted in lysis buffer (3 ! 10 7 cells/ml; 50 m M Tris-Cl, pH 8.0, 1% NP40, 150 m M NaCl) containing Halt protease inhibitor cocktail and Halt phosphatase inhibitor cocktail, mixed with equal volumes of Tris-glycine native sample buffer (2 ! ; Invitrogen), applied to the gel and electrophoresed for 60 min at 25 mA.
Immunoblotting was performed as described above. As a positive control for IRF-3 dimerization, HeLa cells were added with 100 g/ml polyriboinosinic-polyribocytidylic acid (poly I:C; kindly provided by Toray Co. Ltd., Tokyo, Japan). Three hours after incubation, cells were harvested and cell lysates were prepared as described above.
Poly I:C Transfection CD19+ B lymphocytes isolated from PBMCs were cultured in RPMI-1640 medium containing 10% FCS, 2 m M L -glutamine, 1 m M HEPES, 0.05 m M ␤ -mercaptoethanol, penicillin and streptomycin in a flat-bottom 96-well plate for 3 h (2.5 ! 10 6 cells/ well). To activate the RIG-I-mediated pathway, cells were transfected with 10 g/ml poly I:C using Poly(I:C)/LyoVec (Invivogen, San Diego, Calif., USA). After 18 h of culture, transfected or nontransfected cells were dissolved in Isogen (Nippon Gene) for semiquantitative real-time PCR assay. Three independent triplicate transfection experiments were performed in order to verify the reproducibility of the results.
Statistics
Unpaired (two-tailed) Student's t tests were applied at the 95% confidence level (p ! 0.05) using Prism (version 4; GraphPad Software Inc., San Diego, Calif., USA) in all cases.
Results
Impaired IFN Responses in Peripheral B Cells of CHC Patients
We recently demonstrated that HCV infected and may have replicated in peripheral B cells of CHC patients [15] . This implied that HCV may have evaded the immune response by B cells, resulting in persistent infection. Because the induction of type I IFNs, including IFN ␤ , is crucial for host defense against invading viruses, we first examined constitutive IFN ␤ expression levels in peripheral B cells of CHC patients. As shown in figure 1 a, IFN ␤ mRNA expression levels were not augmented in CHC B cells compared with normal B cells. The results of Western blotting analysis ( fig. 1 b) indicated that constitutive IFN ␤ protein expression levels were not enhanced in B cells of CHC patients, which supported the finding of unaltered IFN ␤ mRNA expression.
We then stimulated normal and CHC B cells using poly I:C transfection, which triggers RIG-I-and melanoma differentiation-associated gene-5-mediated IFN ␤ path-ways. As shown in figure 1 c, IFN ␤ mRNA expression levels in CHC B cells were much lower than those in normal B cells, suggesting that CHC B cells are defective with regard to IFN ␤ production upon stimulation with the intracellular delivery of poly I:C. In addition, the expression levels of IFN-stimulated genes, such as ISG-15 and ISG-56, in CHC B cells were also much lower than those in normal B cells upon poly I:C stimulation (data not shown).
Taken together, these results indicate that chronic HCV infection fails to induce an IFN ␤ response in CHC B cells. Subsequent experiments were designed to elucidate the underlying mechanism(s) by which HCV interrupted the IFN responses in CHC B cells.
Expression Levels of HCV Sensor Molecules in Peripheral B Cells of CHC Patients
We next examined the gene expression levels in peripheral B cells of two major viral sensors, TLR3 and RIG-I, as well as their corresponding adaptor molecules, TRIF and IPS-1, which are indispensable for initiating innate immune responses [25] . As shown in figure 2 , TLR3, TRIF, RIG-I and IPS-1 expression levels were significantly enhanced in peripheral B cells of CHC patients. Expression of another cytoplasmic sensor molecule, melanoma differentiation-associated gene-5, was also enhanced (data not shown). These results demonstrate that the expression levels of cytoplasmic virus sensors as well as their adaptors are constitutively augmented in CHC B cells.
Expression, Dimerization and Nuclear Translocation of IRF-3 in CHC B Cells
The IRF-3 activation cascade, including phosphorylation, dimerization and nuclear translocation, is essential for IFN ␤ gene transcription [26] . We found that constitutive IRF-3 expression levels in CHC B cells were significantly lower than those in normal B cells (p = 0.0018) as assessed by Western blotting ( fig. 3 a) . Furthermore, IRF- 3 dimerization assessed by native PAGE was not observed in CHC B cells ( fig. 3 b) . Consequently, IRF-3 nuclear translocation did not occur in CHC B cells ( fig. 3 c) . Thus, these results indicate that the IRF-3 activation cascade does not proceed in CHC B cells, which may explain the lack of IFN ␤ responses to HCV infection.
Cleavage of IPS-1 in CHC B Cells
Several lines of evidence have indicated an essential role for the adaptor molecule IPS-1, also called Cardif, MAVS or VISA, which acts downstream of RIG-I in the IRF-3 signaling pathway [27] . Recent studies have confirmed that HCV can cleave IPS-1 via its NS3/4A protease activity [28] . As a result of this proteolytic cleavage, IPS-1 is dislodged from the mitochondria and becomes an inactive cytosolic fragment. This causes the failure of downstream signaling for IRF-3 activation. Therefore, we examined IPS-1 cleavage in CHC B cells by native PAGE. As shown in figure 4 , IPS-1 cleavage was incomplete, and a substantial amount of uncleaved (intact) IPS-1 was detected. Thus, we concluded that impaired IRF-3 activation cannot be solely explained by IPS-1 cleavage in CHC B cells. These results suggest either that the NS3/4A protease is not expressed in CHC B cells or that IPS-1 in B cells is resistant to this protease. Because NS3 molecules were detected in CHC B cells by Western blotting [15] , the latter seems to be more likely.
Stabilization or Inhibition of TBK1/IKK Kinase Activity in CHC B Cells
Two protein kinases, TBK1 and IKK , which are both located downstream of IPS-1, are essential for IFN ␤ production via IRF-3 phosphorylation [29] . Interestingly, the constitutive expression levels of both kinases were markedly enhanced in CHC B cells compared with those in normal B cells ( fig. 5 ) Huang et al. [30] identified a protein called SIKE that interacts with IKK and TBK1 and has an inhibitory effect on the IRF-3 activation pathway. Yang et al. [31] demonstrated that Hsp90 was important for stabilizing TBK1 and promoting IRF-3 phosphorylation by TBK1 in response to viral infection. The gene expression levels of these two molecules in B cells were analyzed by real-time PCR, as shown in figure 6 a. SIKE expression levels were significantly enhanced in CHC B cells (p = 0.0059), while those of Hsp90 were significantly reduced (p = 0.001). These results strongly suggest that the kinase activities of TBK1 and IKK are downregulated in CHC B cells, which may be responsible for the failure in IRF-3 activation and subsequent IFN ␤ transcription.
The DEAD box helicase DDX3X [32] is a critical component of TBK1-dependent type I IFN induction [33, 34] . As shown in figure 6 a, DDX3X expression levels were significantly reduced in CHC B cells (p = 0.0043). This could be just a concomitant observation; however, this result is of interest assuming that HCV has an additional mechanism by which it interferes with IRF-3 activation.
VAP-C Expression in B Cells
Human VAP subtype A (VAP-A) and subtype B (VAP-B) are essential host factors for HCV replication because they bind to both NS5A and NS5B [35] . VAP-C is a splicing variant of VAP-B that lacks two thirds of the C terminus [36, 37] ; therefore, it cannot interact with VAP-A, VAP-B or NS5A. A physiological role of VAP-C was recently demonstrated by Kukihara et al. [38] , who found that VAP-C inhibited the association between VAP-A/B and NS5B, thereby reducing HCV replication efficiency. Interestingly, VAP-C expression in hepatocytes was found to be negligible, which may be advantageous for and CHC patients (n = 3) were subjected to SDS-PAGE and analyzed by immunoblotting using anti-IRF-3 and anti-ACTB antibodies. Relative protein expression levels of IRF-3 normalized against ␤ -actin expression are shown. b Dimerization of IRF-3 in CD19+ B cells isolated from CHC patients (n = 4) were analyzed by native PAGE as described in Methods. As a positive control to detect IRF-3 dimer formation, cell extracts from HeLa cells stimulated with poly I:C were applied (lane 6). c Nuclear and cytoplasmic proteins were isolated from CD19+ B cells of CHC patients (n = 2) as described in Methods. Samples were subjected to SDS-PAGE and analyzed by immunoblotting using anti-IRF-3, anti-GAPDH (cytoplasmic marker protein) and anti-PARP-1 (nuclear marker protein) antibodies. HCV replication in the liver [38] . These results prompted us to examine VAP-C expression in B cells. As shown in figure 6 b, VAP-C was expressed in CD19-cells (i.e. non-B cells), but not in CD19+ B cells. Together with the defect in antiviral immune responses of CHC B cells described above, this observation further supports the notion that HCV utilizes B cells as a reservoir for persistent infection.
Discussion
HCV infection of hepatocytes has long been an implicit assumption. However, this does not necessarily imply that hepatocytes are the exclusive target for HCV infection. HCV may seek other cellular compartments as reservoirs in the event that the liver becomes unsuitable for replication, possibly due to cellular destruction caused by the host immune response and/or the development of conditions such as cirrhosis and hepatocellular carcinoma. Our previous study suggested the possibility that HCV persistently infects peripheral B cells [15] . Consequently, we were extremely interested in how HCV is able to escape host innate immunity and persistently remain in peripheral B cells. The results of this study may provide plausible answers to these questions. and VAP-C in CD19+ B cells. a mRNA expression levels of SIKE, Hsp90 and DDX3X in CD19+ B cells isolated from normal individuals (n = 3-7) and CHC patients (n = 3-5) were measured in duplicate by quantitative real-time RT-PCR and normalized against those of the housekeeping gene GAPDH. mRNA expression levels in normal B cells were arbitrarily defined as 1.0. b Whole-cell extracts prepared from CD19-and CD19+ B cells isolated from normal individuals (n = 3) were subjected to SDS-PAGE and analyzed by immunoblotting using anti-VAP-C antibody. Whole-cell extracts from 293T cells were used as a positive control.
In this study, we observed augmented expression of RIG-I, a cytoplasmic double-stranded RNA sensor molecule, and its adaptor molecule IPS-1 in CHC B cells ( fig. 2 ). To our knowledge, this is the first study describing the enhanced expression of a cytoplasmic HCV sensor in CHC B cells. Miyazaki et al. [39] recently reported similar findings on examining myeloid dendritic cells in CHC patients, thus suggesting that HCV infection augments the expression of a cytoplasmic double-stranded RNA sensor regardless of the cell type. The same may be true for expression of the RIG-I adaptor molecule IPS-1, because Miyazaki et al. [39] also reported enhanced IPS-1 expression in myeloid dendritic cells in CHC patients. These results support the notion that HCV triggers innate immunity by immune cells, including peripheral B cells.
The primary cause for the failure to induce innate immunity in CHC B cells appears to be a defect in promoting the IRF-3 activation cascade ( fig. 3 ) . HCV is thought to evade an innate antiviral response by the actions of the viral NS3/4A protease-helicase complex, which inhibits RIG-I signaling via proteolytic cleavage and IPS-1 inactivation [28] , thereby preventing its downstream activation (i.e. IRF-3 activation). This hypothesis was essentially derived from in vitro experiments using human hepatoma cell lines such as HuH-7. In the present study, IPS-1 cleavage was analyzed for the first time in peripheral B cells of CHC patients. The results shown in figure 4 indicate only marginal cleavage of IPS-1 in CHC B cells, such that this could not be the main cause of the defect in downstream IRF-3 activation. We therefore sought additional explanations for the IRF-3 activation defect in CHC B cells.
The results shown in figure 5 indicate markedly enhanced expression of TBK1 and IKK in CHC B cells compared with normal B cells, thus suggesting that IPS-1 signaling is mainly intact and not completely abolished by HCV infection as expected. In the present study, it was not possible to identify the mechanism underlying the expression of TBK1 and IKK induced by HCV infection. However, as shown in figure 3 , IRF-3 activation was markedly suppressed in CHC B cells. The defect in IRF-3 activation in CHC B cells may be linked to the enhanced expression of SIKE and the reduced expression of Hsp90 ( fig. 6 a) , which together may affect the kinase activities of both TBK1 and IKK . Consequently, IRF-3 phosphorylation (i.e. the first step of the IRF-3 activation cascade) would not be successfully executed. However, the possibilities that IPS-1 signaling is disrupted along the cascade despite the existence of the signal molecule and/or that IRF-3 activation is directly blocked by HCV proteins should also be taken into consideration.
It was recently demonstrated that the expression of DDX3X, a DEAD box RNA helicase [32] , enhanced IFN ␤ promoter induction by TBK1/IKK , whereas its knockdown inhibited IRF3 activation [33] . The results shown in figure 6 a confirm that DDX3X expression levels were significantly downregulated in CHC B cells, which is in agreement with previous studies. However, Ariumi et al. [40] reported that DDX3X was required for HCV RNA replication, which seems contradictory to our results. We currently do not know the reasons for this discrepancy; however, the fact that in their study they used the HuH-7 hepatoma cell line, while we examined naturally occurring HCV-infected B cells, may account for these conflicting results.
The role of VAP proteins in HCV replication is another interesting aspect. HCV NS5A is associated with a range of cellular proteins, including VAP-A [41] , which are involved in cell signaling pathways. VAP-B has been identified as another NS5A-binding protein by screening human libraries using the yeast two-hybrid system with NS5A as bait [35] . Both VAP-A and VAP-B are involved in HCV replication via interactions with NS5A and NS5B [35] , while VAP-C inhibits the association between VAP-A/B and NS5B, which results in reduced HCV replication efficiency [38] . Therefore, the absence of VAP-C expression in B cells, similar to hepatocytes, may be favorable for HCV replication. This could be another strategy for maintaining persistent HCV infection in B cells. In fact, our recent study demonstrated that a high copy number of HCV RNA was detected in CHC B cells, but not in CHC non-B cells [15] , suggesting that the absence of VAP-C expression in B cells is, at least in part, responsible for the HCV replication. Further analyses are required to examine if the forced expression of VAP-C could inhibit HCV replication in B cells.
Several lines of evidence indicate that chronic infection with HCV can induce molecular alterations in lymphocytes that may subsequently play a role in the multistep process of malignant lymphocyte transformation with the induction of clonal B cell expansion. Lymphoid cells from patients with chronic HCV overexpress the antiapoptotic protein Bcl-2 with a high incidence of t (14; 18) translocations involving the bcl-2 gene [42, 43] . Our recent study revealed that the expression level of activationinduced cytidine deaminase, which promotes B cell lymphomagenesis by its overexpession [44, 45] , in CHC B cells was significantly increased [15] . Furthermore, enhanced expression of putative lymphomagenesis-related genes such as cyclin D1, cyclin D2, B aggressive lymphoma gene, serine/threonine kinase 15 and galectin-3 was observed in CHC B cells [15] . In addition, expression of HCV core protein and NS3 was detected in CD19+ B cells of CHC patients [15] . HCV core protein has been demonstrated to promote immortalization in different cell lines as well as being capable of blocking c-myc-induced apoptosis [46] . NS3 has also been shown to promote oncogenic transformation and to interact with p53 and interfere with apoptosis [47] . Thus, persistent infection with HCV via the suppression of innate immunity responses in CHC B cells would cause functional disorders and lead to B cell lymphoma.
Interestingly, it has been shown that interaction between HCV E2 and CD81 on B cells triggers enhanced expression of activation-induced cytidine deaminase, which induces double-strand DNA breaks and hypermutation, specifically in the VH gene of B cells [48] . Stamataki et al. [49] demonstrated that peripheral blood B cells could bind infectious HCV in the cell strain JFH-1. Accordingly, it seems likely that mere interaction between envelope proteins of HCV and signaling receptors on the surface of B cells could generate lymphoproliferative disorders.
The difficulty in collecting an adequate number of purified B cells from CHC patients prevented us from analyzing a large sample size in each experiment, which may weaken the impact of these results. However, in the light of the fact that potentially heterogeneous patient samples were examined in this study, we believe that our considerably homogeneous results do have a certain biological impact. In addition, it may be worth noting that most CHC patients enrolled in this study (21 of 24) were infected with HCV of genotype 1b, which is prevalent in Asia. It would have been ideal to perform these experiments with different genotypes to observe if this phenomenon is noted across all genotypes or if it is specific only to genotype 1b. A study enrolling CHC patients infected with other HCV genotypes will be required in order to draw more robust conclusions, although it is very difficult to enroll such CHC subjects in Japan.
Taken together, the present results strongly suggest that HCV utilizes B cells as an extrahepatic reservoir for persistent infection. Whether the apparent suppression of innate immune responses in B cells is restricted to HCV infection or if this is a phenomenon seen in other B cell tropic viruses such as Epstein-Barr virus is currently unknown. This intriguing question could be answered by further elucidating the suppression mechanisms in CHC B cells as well as by investigating innate immune responses in Epstein-Barr virus-infected B cells in future studies.
We assume that memory B cells are the main reservoir of HCV infection because of their long life span. In support of this proposal, one of our current studies indicated that CD19+CD27+ cells (i.e. memory B cells) are recruited to the livers of CHC patients via interactions between CXCR3 expressed on CD19+CD27+ cells and IP-10 produced in the liver [Mizuochi et al., in press ]. This would be a robust strategy for HCV in order to secure sites for long-lasting infection. Interestingly, a recent study by Stamataki et al. [49] indicated that HCV associated with B cells had the potential to transfect HuH-7.5 in vitro. Our results strongly suggest that such HCV transfection may occur in vivo under physiological conditions. This would offer new therapeutic insights for HCV clearance by eliminating peripheral B cells with anti-B cell antibodies and drugs such as rituximab in conjunction with a combination therapy using peginterferon and ribavirin.
In conclusion, we propose that peripheral B cells serve as a reservoir for persistent HCV infection. Based on this proposal and from a therapeutic perspective, it may be beneficial to eliminate peripheral B cells in CHC patients. Together with antiviral treatment to eliminate circulating HCV in the blood, this could lead to a synergistic effect for HCV clearance in CHC patients.
